Viral infection initiates a series of signaling cascades that lead to the transcription of interferons (IFNs), finally inducing interferon-stimulated genes (ISGs) to eliminate viruses. Viruses have evolved a variety of strategies to modulate host IFN-mediated immune responses. Herpes simplex virus 1 (HSV-1) US3, a Ser/Thr kinase conserved in alphaherpesviruses, was previously reported to counteract host innate immunity; however, the molecular mechanism is elusive. In this study, we report that US3 blocks IFN-␤ production by hyperphosphorylating IFN regulatory factor 3 (IRF3). Ectopic expression of US3 protein significantly inhibited Sendai virus (SeV)-mediated activation of IFN-␤ and IFN-stimulated response element (ISRE) promoters and the transcription of IFN-␤, ISG54, and ISG56. US3 was also shown to block SeV-induced dimerization and nuclear translocation of IRF3. The kinase activity was indispensable for its inhibitory function, as kinase-dead (KD) US3 mutants K220M and D305A could not inhibit IFN-␤ production. Furthermore, US3 interacted with and hyperphosphorylated IRF3 at Ser175 to prevent IRF3 activation. Finally, the US3 KD mutant viruses were constructed and denoted K220M or D305A HSV-1, respectively. Cells and mice infected with both mutant viruses produced remarkably larger amounts of IFN-␤ than those infected with wild-type HSV-1. For the first time, these findings provide convincing evidence that US3 hyperphosphorylates IRF3, blocks the production of IFN-␤, and subverts host innate immunity.
I
nnate immunity is a conserved, rapid defense mechanism against pathogen invasion. The type I interferon (IFN-I) pathway plays a crucial role in mediating the antiviral response through induction of a diverse set of IFN-stimulated genes (ISGs) (1) . Following viral infection, the pattern recognition receptors of the host cell, including the Toll-like receptor (TLR) and retinoic acid-inducible gene I (RIG-I)-like receptor (RLR) families, recognize viral-pathogen-associated molecular patterns, which are usually viral nucleic acids (single-stranded RNA [ssRNA] , doublestranded RNA [dsRNA] , and single-stranded DNA [ssDNA] ), leading to the activation of transcription factors NF-B and IFN regulatory factors 3 and 7 (IRF3/7). The activation and nuclear translocation of these transcription factors subsequently induce the production of type I IFNs, namely, IFN-␣ and IFN-␤, which induce the expression of ISGs and inhibit the replication of virus (2) (3) (4) .
Herpes simplex virus 1 (HSV-1) is the archetypal member of the alphaherpesvirus subfamily, with a large, linear dsDNA virus genome of 152 kb. HSV-1 encodes a viral Ser/Thr kinase, US3, which is conserved in the alphaherpesvirus subfamily but is not present in other herpesviral genomes. Increasing evidence indicates that US3 protein kinase is involved in multiple processes during viral infection, including nuclear egress, virion maturation (5) (6) (7) (8) , prevention of apoptosis (9) (10) (11) (12) (13) (14) (15) , rearrangements of the cytoskeleton, promotion of cell-to-cell spread during viral infection (16) (17) (18) , blocking of histone deacetylation by phosphorylation of histone deacetylase 1 and 2 (HDAC1/2) (19) (20) (21) , disruption of promyelocytic leukemia protein nuclear bodies (PML-NBs) (22) , and downregulation of major histocompatibility complex class I (MHC-I) surface expression (23) . US3 is also reported to masquerade as the cellular kinase Akt to phosphorylate tuberous sclerosis complex 2 (TSC2), leading to constitutive activation of mammalian target of rapamycin complex 1 (mTORC1) and inhibition of the translational repressor 4E-binding protein 1 (4E-BP1) and enhancing viral gene expression (24, 25) .
To complete their life cycles, viruses have evolved strategies to evade the innate antiviral responses. HSV-1 evolves multiple immune evasion strategies to inhibit the IFN-signaling pathway. For example, HSV-1 infected cellular protein 0 (ICP0) blocks IFN production by targeting IRF3 (26) (27) (28) (29) and HSV-1 ICP34.5 inhibits IFN production by binding and sequestering TANK-binding kinase 1 (TBK1) (30, 31) . The HSV-2 virion host shutoff protein (Vhs) was reported to suppress IFN and ISG induction by degrading cellular mRNA (32, 33) . ICP27 was also suggested to inhibit IFN responses. Viruses lacking ICP27 induce higher levels of cytokines, including IFN, in monocytic cells than the wild-type (WT) virus (34, 35) . HSV-1 Us11 inhibited IFN-␤ production via directly binding to RIG-I and melanoma differentiation-associated antigen 5 (MDA-5) (36) . Our group identified HSV-1 VP16 as a novel antagonist of IFN-␤ by inhibiting NF-B activation and blocking IRF3 to recruit its coactivator, CREB-binding protein (CBP) (37) . Recently, HSV-1 UL36 ubiquitin-specific protease (UL36USP) was proven to counteract IFN-␤ production by deubiquitinating tumor necrosis factor receptor-associated factor 3 (TRAF3) (38) .
HSV-1 US3 is suggested to play an important role in immune evasion during HSV-1 infection. Piroozmand et al. found that when there was a low multiplicity of infection (MOI), US3-null HSV-1 was more sensitive to IFN-␣ than the WT virus, suggesting that US3 afforded resistance to IFN-␣ treatment (39) . Liang et al. demonstrated that US3 blocks IFN-␥-induced ISG expression by phosphorylating the alpha subunit of the IFN-␥ receptor (40) . Peri et al. reported that HSV-1 US3 counteracts the TLR3-mediated response by reducing the expression of TLR3 and that US3-null HSV-1 resulted in strong activation of IRF3 and the type I IFN response (41) . Recently, US3 protein kinase was proven to be necessary and sufficient to suppress extracellular-signal-regulated kinase activity and subvert host mitogen-activated protein kinasesignaling pathways (42) .
Although increasing evidence has shown that HSV-1 US3 antagonizes the host innate immune system, the mechanism by which US3 interrupts innate immunity, especially the RLR-mediated IFN-␤ production pathway, needs to be further characterized. In this study, we investigated the molecular mechanism by which US3 blocks IFN-␤ production. We found that ectopic expression of US3 significantly downregulated Sendai virus (SeV)-activated IFN-␤ promoter activity and that the protein kinase activity of US3 was indispensable for the inhibitory activity. Additionally, US3 interacted with and hyperphosphorylated IRF3 to induce atypical phosphorylation of IRF3. Finally, infection with US3 kinase-dead (KD) mutant HSV-1 resulted in increased production of IFN-␤. To our knowledge, this is the first report identifying IRF3 as a US3 substrate, and thus these findings reveal a novel mechanism for HSV-1 to evade host antiviral immunity.
MATERIALS AND METHODS
Cells, viruses, and antibodies. HEK 293T cells and Vero cells were grown in Dulbecco's modified Eagle medium (DMEM) (Gibco-BRL) supplemented with 10% fetal bovine serum (FBS) and 100 U/ml of penicillin and streptomycin. HeLa cells were maintained in Eagle's minimum essential medium (MEM) (Gibco-BRL) supplemented with 10% FBS.
The WT HSV-1 F strain and its derivative, US3 mutant HSV-1, were propagated in Vero cells and titrated as described previously (43) . Sendai virus (SeV) was propagated and titrated as described previously (36) .
Protease inhibitor cocktails were purchased from Cell Signaling Technology, Inc. (Boston, MA). Mouse anti-Myc, anti-Flag, and anti-hemagglutinin (HA) monoclonal antibodies (MAbs) were purchased from ABmart (Shanghai, China). Mouse monoclonal IgG1 and IgG2b isotype control antibodies were purchased from eBioscience, Inc. (San Diego, CA). Rabbit anti-IRF3 polyclonal antibody (pAb) and mouse anti-␤-actin MAb were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit antibody against IRF3-S396 was previously described (44) . Rabbit antibodies against HSV-1 UL42, UL46, and US3 were made by GL Biochem Ltd. (Shanghai, China).
Plasmid construction. All enzymes except for T4 DNA ligase (New England BioLabs, Massachusetts) that were used for cloning procedures were purchased from TaKaRa (Dalian, China). To construct US3-Flag, we amplified the open reading frame (ORF) of US3 from plasmid US3-EYFP as previously described (45) and cloned it into the BglII and EcoRI sites of the pCMV-Flag vector (Beyotime, Shanghai, China). Commercial reporter plasmids used include NF-B-Luc (Stratagene, La Jolla, CA) and pRL-TK (Promega). Gift plasmids used include the following: (pRDIII-I)4-Luc (46), pcDNA3.1-FlagTBK1 and pcDNA3.1/Zeo-MAVS (47), pcDNA3.1-FlagIKKε (48), pEF-Flag-RIG-IN (49), IRF3/5D (50), pCAGGS-NS1 (51), and IFN-␤ promoter reporter plasmid (52) .
RNA isolation and quantitative PCR. Total RNA was extracted from HEK 293T cells with TRIzol (Invitrogen, California) according to the manufacturer's manual. Samples were digested with DNase I and subjected to reverse transcription as previously described (53) . The cDNA was used as a template for quantitative PCR to investigate the expression patterns of human IFN-␤, ISG54, and ISG56. Detailed protocols have been previously described (54) .
Transfection and dual-luciferase reporter (DLR) assays. HEK 293T cells were plated on 24-well dishes (Corning, NY) in DMEM (Gibco-BRL, Maryland) with 10% FBS at a density of 1 ϫ 10 5 cells per well overnight before transfection as previously described (44) . Cells were then cotransfected with 1 g of expression plasmid, 500 ng of a reporter plasmid such as IFN-␤-Luc, NF-B-Luc, or (pRDIII-I)4-Luc, and 50 ng of pRL-TK Renilla luciferase reporter plasmid to normalize transfection efficiency, as indicated by standard calcium phosphate precipitation (55, 56) . At 24 h posttransfection, cells were infected with SeV (100 hemagglutination units [HAU]/ml) for 16 h, and luciferase assays were performed as previously described (44) with a luciferase assay kit (Promega, Madison, WI). Poly(I·C) and poly(dA-dT) were purchased from InvivoGen.
Immunofluorescence assays. Immunofluorescence assays were performed as described previously (57) . In brief, HeLa cells were tansfected with the US3-Flag, K220M-Flag, or D305A-Flag plasmid for 12 h and then fixed in 4% paraformaldehyde. Cells were incubated with rabbit anti-IRF3 pAb (diluted 1:500) or with mouse anti-Flag MAb (diluted 1:2,000), followed by incubation with tetramethyl rhodamine isocyanate (TRITC)-conjugated goat anti-rabbit IgG (Pierce) and fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse IgG (Sigma-Aldrich). After each incubation step, cells were washed extensively with phosphate-buffered saline (PBS). Samples were analyzed with fluorescence microscopy (Zeiss, Germany).
Western blot analysis. Western blot (WB) analysis was performed as previously described (43) . Briefly, whole-cell extracts were subjected to 10% SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) or nitrocellulose membranes followed by blocking with 5% nonfat milk in Tris-buffered saline-Tween (TBST) and probed with anti-Flag, HA, Myc, IRF3, IRF3-S396, HSV-1 ICP0, UL42, UL46, US3, or ␤-actin antibody according to product manuals. After being washed with TBST, the membranes were incubated with alkaline phosphatase (AP)-conjugated goat anti-rabbit IgG or goat anti-mouse IgG. Protein bands specific to the antibody were developed by 5-bromo-4-chloro-3-indolylphosphate (BCIP)-nitroblue tetrazolium (NBT); development was terminated with distilled water.
Coimmunoprecipitation assays. Coimmunoprecipitation (co-IP) assays were performed as previously described (43) . Briefly, HEK 293T cells (ϳ5 ϫ 10 6 ) were cotransfected with 10 g of Flag-US3 expression plasmid. Transfected cells were harvested at 24 h posttransfection and lysed on ice with 500 l of lysis buffer. The lysates were incubated with 0.5 g of the Flag antibodies and 30 l of a 1:1 slurry of protein A/G plus agarose beads (Santa Cruz, California) overnight at 4°C. The beads were washed four times with 1 ml of lysis buffer containing 500 mM NaCl, and WB analysis was performed to detect endogenous IRF3 using IRF3 antibody. The co-IP assays were repeated twice.
Native PAGE. Native PAGE was carried out using Ready Gels (7.5%; Bio-Rad). Gels were prerun with 25 mM Tris and 192 mM glycine [pH 8.4 ] with 1% deoxycholate (DOC) in a cathode chamber for 30 min at 40 mA. Samples in native sample buffer (10 g protein, 62.5 mM Tris-Cl [pH 6.8], 15% glycerol, and 1% DOC) were size fractionated by electrophoresis for 60 min at 25 mA and transferred to nitrocellulose membranes for WB analysis as previously described (58) .
Purification of US3-GST and IRF3-His and in vitro protein kinase assay. The ORF of IRF3 was cloned into pET15b and transformed into Escherichia coli Rossetta cells. After treatment with 0.1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) for 3 h, the recombinant protein US3-His was purified with His-Bind resin (Novagen) according to the manufacturer's manual.
Purification of US3-GST, K220M-GST, and D305A-GST fusion proteins and kinase assays were performed according to previously described methods with minor modifications (59) . Plasmid expressing US3, K220M, or D305A fused to glutathione S-transferase (GST) was transfected into HEK 293T cells. After 24 h, the cell lysates were incubated with 200 l of a 50% slurry of glutathione-Sepharose beads (Novagen) overnight. The beads were extensively washed with PBS, and recombinant proteins were eluted with GST elution buffer (5 mM glutathione, 50 mM Tris-HCl [pH 8.0]).
Two micrograms of purified US3-GST, K220M-GST, or D305A-GST and 0.2 g of IRF3-His were incubated in US3 kinase buffer (50 mM Tris-HCl [pH 9 .0], 20 mM MgCl 2 , 0.1% NP-40, 1 mM dithiothreitol [DTT] , and 10 M ATP) at 37°C overnight, and WB assays were performed to detect the phosphorylated IRF3.
Recombinant virus construction. Construction of the K220M, D305A, and repaired-HSV-1 mutants was based on a luciferase-tagged infectious HSV-1 bacterial artificial chromosome (BAC) described in our previous papers (60, 61) . Amplification of the Kan r cassette was done by PCR with a pair of primers containing a 40-bp-homology flanking sequence of US3. PCR product was then transformed into E. coli DY380-competent cells carrying the pHSV-1 BAC via electroporation, and the US3 gene was replaced with the Kan r cassette by homologous recombination to create the pHSV-1 BAC ⌬US3 clone. Then a US3 fragment containing the K220M, D305A, or US3 mutant was cloned into the plasmid pGEM-Lox-Zeo to construct pK220M-Zeo, pD305A-Zeo, or pUS3-Zeo. PCR was performed to amplify the K220M-Zeo r , D305A-Zeo r , and US3-Zeo r cassettes with a pair of primers containing a 40-bp-homology flanking sequence of US3. Then the PCR products were transformed into E. coli DY380 cells containing the pHSV-1 BAC ⌬US3 clone. The Kan r cassette was replaced with the K220M-Zeo r or D305A-Zeo r cassette by homologous recombination to create the pHSV-1 BAC K220M-Zeo r and D305A-Zeo r clones. To reconstitute recombinant viruses, Vero cells were transfected with 2 g of the corresponding BAC DNA via electroporation. To remove the Zeo r gene (flanked by two loxP sites) from the HSV-1 genome, we cotransfected a Cre expression plasmid (pGS403) (see Fig. 7A ). Two-step red-mediated recombination was applied to construct US3-Flag mutant HSV-1 (62) . A Kan r cassette was amplified by PCR with a pair of primers containing a 40-bp-homology flanking sequence of mutant sites and a Flag tag sequence. Then PCR product was transformed into E. coli GS1783-competent cells carrying the pHSV-1 BAC via electroporation. PCR assays were used to identify positive clones. L-Arabinose was used to induce a second red recombination to delete the Kan r cassette (see Fig. 5B ).
To analyze the integrity of the BAC clones, we digested 15 g of BAC DNA with EcoR I or BamH I and compared the restriction pattern of BAC DNA to that of WT BAC (data not shown). The recombinant viruses were validated by PCR and sequencing using primers upstream or downstream of US3 (data not shown). Viruses were harvested and the growth kinetics of the recombinant viruses were characterized by both traditional plaque assay and luciferase activity assay in Vero cells at an MOI of 0.1 or 1. A luciferase activity assay was performed with a luciferase assay kit (Promega, Madison, WI).
ELISA for IFN-␤. An enzyme-linked immunosorbent assay (ELISA) to quantify secreted IFN-␤ was carried out with culture supernatants collected from infected cells as previously described (36) . Briefly, cell culture medium was collected and centrifuged to remove cell debris. A human IFN-␤ ELISA kit (PBL Interferon Source, Piscataway NJ) was used to detect the IFN-␤ according to the manufacturer's instructions.
Four-week-old female C57BL/6 mice were purchased from the Experimental Animal Center, Wuhan Institute of Virology, Chinese Academy of Sciences. The mice were injected intraperitoneally with 10 6 PFU of the WT, K220M, or D305A, or repaired HSV-1. After 24 h, mice were sacrificed and a Legend Max mouse IFN-␤ ELISA kit (BioLegend, San Diego, CA, USA) was applied to detect the IFN-␤ in serum. The animal study proposal was approved by the Institutional Animal Care and Use Committee (IACUC) of the Experimental Animal Center, Wuhan Institute of Virology, Chinese Academy of Sciences. The approved protocol number is IACUC2012059. All mouse experimental procedures were done according to the Regulations for the Administration of Affairs Concerning Experimental Animals approved by the State Council of the People's Republic of China.
RESULTS

US3 inhibits the SeV-mediated activation of the IFN-␤ and ISRE promoters.
To examine the function of US3 in the regulation of virus-mediated activation of the IFN-␤ promoter, we coexpressed US3 in HEK 293 cells in the presence of IFN-␤ reporter genes. SeV infection resulted in an ϳ450-fold induction of IFN-␤-Luc reporter activity. Transfection of 50 ng and 500 ng of US3 expression plasmids inhibited SeV-mediated activation of IFN-␤ promoter activity by 90.1% and 95.3%, respectively (Fig. 1A) . US3 was also demonstrated to significantly inhibit SeV-induced activation of the IFN-stimulated response element (ISRE) using an ISRE reporter plasmid. Fifty nanograms and 500 ng of US3 expression plasmids exhibited 54% and 89% inhibitory activity, respectively (Fig. 1B) . Transcription of the IFN-␤ gene required IRF3 and other transcription factors to bind to distinct regulatory domains in the IFN-␤ promoter. To investigate whether US3 inhibited the SeV-induced activation of IRF3, we performed reporter gene assays with HEK 293 cells using the luciferase reporter plasmid driven by tandem IRF binding site positive regulatory domains I and III [PRD(III-I)] regulatory elements from the IFN-␤ promoter [(pRD(III-I)4-Luc]. The result showed that SeV infection induced strong IRF-responsive PRD(III-I) promoter activity, and transfection of 50 ng and 500 ng of US3 expression plasmids remarkably inhibited SeV-induced PRD(III-I) reporter activities by 86% and 92%, respectively (Fig. 1C) . Furthermore, US3-inhibited SeV-induced expression of IFN-␤ was detected by real-time PCR. SeV infection induced about a 50-fold increase in IFN-␤ mRNA expression, which was significantly inhibited by ectopic expression of US3 (Fig. 1D) . Poly(I·C) and poly(dA-dT) are known as synthetic analogs of dsRNA and B-DNA (dsDNA of a righthanded spiral conformation), respectively, which could be recognized by several sensors, including TLR3, DNA-dependent activator of IRFs (DAI), etc. Reporter gene assays showed that US3 inhibited both poly(I·C) (Fig. 1E )-and poly(dA-dT) (Fig. 1F) induced IFN-␤ promoter activity. Taken together, these results indicate that US3 is sufficient to inhibit SeV-mediated activation of IFN-␤ and ISRE promoter activities.
US3 inhibits IFN-␤ production by targeting IRF3. To determine at what level in the pathway US3 blocks IFN-␤ expression, we cotransfected increasing amounts of US3-expressing plasmids and expression plasmids of RIG-I-signaling pathway components, including the active caspase recruitment domain (CARD) containing a form of RIG-I (RIG-IN), mitochondrial antiviral signaling protein (MAVS), IKKε kinase, TBK1 kinase, and the active form of IRF3 (IRF3/5D) into HEK 293T cells. All expression constructs resulted in a 110-to 600-fold induction of (pRDIII-I)4-Luc reporter activity ( Fig. 2A to E) . PRD(III-I) promoter activation driven by all of the expression constructs was inhibited by US3 in a dose-dependent manner ( Fig. 2A to E) . Activation driven by RIG-IN, MAVS, or TBK1 was inhibited more than 90% ( Fig. 2A to  C) , and activation driven by IKKε or IRF3/5D was inhibited up to 75% ( Fig. 2D and E) . These results indicate that US3 inhibits the IFN antiviral response at or downstream of IRF3.
IRF3 is a crucial transcription factor in the IFN-␤-signaling pathway, and the dimerization of IRF3 is a hallmark of early activation of the antiviral response. To examine whether US3 affected IRF3 dimerization, we determined SeV-induced IRF3 dimerization in the presence or absence of US3. As shown in Fig. 2F , SeV infection induced the dimerization of IRF3, while US3 inhibited SeV-mediated IRF3 dimerization. Taken together, these results indicate that US3 inhibits the IFN antiviral response by targeting IRF3.
The kinase activity of US3 is essential for inhibition of the IFN antiviral response. HSV-1 US3 is a viral Ser/Thr kinase. To determine whether the kinase activity of US3 is required for inhibition of the IFN antiviral response, we generated the kinase-dead (KD) US3 mutants K220M and D305A. Expression plasmids were cotransfected into HEK 293 cells and examined for their ability to inhibit SeV-induced IFN-␤, PRD(III-I), and ISRE reporter gene IFN-␤-Luc, pRL-TK reporter plasmid, TLR3, and US3-expressing plasmid and empty vector were transfected as indicated. After 24 h, 100 ng/ml of poly(I·C) or poly(dA-dT) was transfected. Data are expressed as means and standard deviations from three independent experiments performed in duplicate. Statistical analysis was performed using the Student t test. *, P Ͻ 0.05.
activities. In agreement with the results shown in Fig. 1 , Ectopic expression of wild-type US3 strongly inhibited SeV-mediated activation of IFN-␤, PRD(III-I), and ISRE reporters. Ectopic expression of the K220M or D305A mutation failed to inhibit activation of SeV-induced IFN-␤, PRD(III-I), and ISRE promoter activity (Fig. 3A) . As determined by quantitative PCR, expression of wildtype US3 inhibited SeV-induced IFN-␤, ISG54, and ISG56 mRNA expression, whereas the presence of both the K220M and D305A mutants had no significant effect (Fig. 3B) . Furthermore, both the K220M and D305A mutants failed to inhibit SeV-mediated IRF3 dimerization, while US3 remarkably inhibited IRF3 dimerization, although a small part of the IRF3 dimer was detected due to transfection efficiency (Fig. 3C) .
Nuclear translocation of IRF3 is crucial for the transcription of IFN-␤. Immunofluorescence was carried out to investigate whether US3 prevented the nuclear translocation of IRF3 (Fig. 4) . In mock-treated HeLa cells, IRF3 localized exclusively to the cytoplasm. SeV infection induced nuclear translocation of IRF3 in 97% of cells. Ectopic expression of US3 prevented the nuclear translocation of IRF3 induced by SeV infection in more than 80% of cells. However, the K220M and D305A mutants did not block the nuclear translocation of IRF3 (Fig. 4A and B) . Therefore, these results demonstrate that the kinase activity of US3 is essential for US3-mediated inhibition of the IFN antiviral response.
US3 interacts with endogenous IRF3. Because US3 is a Ser/ Thr kinase and the phosphorylation of IRF3 plays an important role in activation of the IFN antiviral response, we investigated the possibility that US3 interacts with and phosphorylates IRF3. In a co-IP assay, Flag-US3 expression plasmid was transfected into HEK 293T cells and the cells were subsequently infected with SeV. Endogenous IRF3 was efficiently coimmunoprecipitated by Flag mouse monoclonal antibody but not by the nonspecific antibody IgG2b (Fig. 5A) . In order to investigate the interaction between US3 and IRF3 in the context of HSV-1 infection, we generated a US3-Flag HSV-1, that is, a Flag tag in frame with the C terminus of US3, with the BAC recombinant system developed in our lab (Fig.  5B) (60, 61) . The HSV-1 BAC contains a firefly luciferase cassette, and the luciferase activity could be easily quantified in vitro. Luciferase activity assays were used to determine the replication kinetics of US3-Flag mutant HSV-1 and WT HSV-1 ( Fig. 5C and D) . The results showed that US3-Flag mutant HSV-1 replicated as efficiently as WT HSV-1 in both HEK 293T cells (Fig. 5C ) and Vero cells (Fig. 5D) . Furthermore, WB assays showed similar expression of UL42 and UL46 in US3-Flag mutant HSV-1-and WT HSV-1-infected HEK 293T cells (Fig. 5E ). WB assays detected the expression of US4 in US3-Flag mutant HSV-1-infected Vero cells, suggesting that the insertion of the Flag sequence in the 3=-terminal end of US3 did not affect the promoter of US4 (data not shown). Quantitative PCR showed that only a trace amount of IFN-␤ transcription was detected in WT HSV-1-or US3-Flag mutant HSV-1-infected HEK 293 cells, implying that US3-Flag mutant HSV-1 has the same ability as WT HSV-1 to inhibit IFN-␤
FIG 3 Kinase activity is required for US3-mediated inhibition of IFN-␤ production. (A) HEK 293T cells were cotransfected with PRL-TK plasmid and either
IFN-␤-Luc, (pRDIII-I)4-Luc, or ISRE-Luc reporter plasmid along with empty vector or plasmid encoding US3 WT, US3 K220M, or US3 D305A. Twenty-four hours posttransfection, cells were infected with 100 HAU/ml of SeV or mock-infected, and luciferase activity was analyzed as described in the legend to Fig. 1A . IB, immunoblot. (B and C) HEK 293T cells were transfected with empty vector or plasmid encoding US3 WT, US3 K220M, or US3 D305A. Twenty-four hours posttransfection, cells were infected with 100 HAU/ml of SeV or mock-infected for 16 h. (B) Quantitative PCR analysis was performed to detect the mRNA levels of IFN-␤, ISG54, and ISG56. Data are means and standard deviations from three independent experiments. Statistical analysis was performed using the Student t test. *, P Ͻ 0.05. (C) Native PAGE assays were performed to detect IRF3 dimerization as described in the legend to Fig. 2F. production (Fig. 5F ). Subsequently, HEK 293T cells were infected with the recombinant virus US3-Flag mutant HSV-1 at an MOI of 1 for 20 h, and US3-Flag-fused protein could be detected by Flag MAb. As expected, endogenous IRF3 could also be coimmunoprecipitated by Flag MAb (Fig. 5G) . Also, co-IP was carried out to determine whether the K220M and D305A mutants abrogated their interaction with IRF3 and failed to inhibit IFN-␤ production. Both US3 mutants still interacted with IRF3, confirming that the kinase activity of US3 is required for US3-mediated inhibition of IFN-␤ production (Fig. 5H) .
US3 phosphorylates IRF3 at the site of Ser175. The aforementioned data have demonstrated that US3 interacts with IRF3 and that the kinase activity is required for US3-mediated inhibition of the IFN antiviral response. We speculated that IRF3 might serve as a substrate of US3 protein kinase. To test this hypothesis, we transfected HEK 293T cells with wild-type and KD mutants of US3 expression plasmids infected with SeV and subjected them to WB analysis. The results indicated that expression of US3 induced an additional slowly migrating form of IRF3 (Fig. 6A, lanes 3 and 5) . To determine whether the slowly migrating forms of IRF3 were due to US3-induced hyperphosphorylation, we subjected the different forms of IRF3 to treatment in vitro with calf intestine alkaline phosphatase (CIP). The slowly migrating form of IRF3 completely disappeared following CIP treatment (Fig. 6A, lanes 4 and  6) , indicating that the slowly migrating forms of IRF3 were hyperphosphorylated IRF3. Hyperphosphorylation of IRF3 was detected in both SeV-infected and uninfected cells (Fig. 6A, lanes 3  and 5) , suggesting that the hyperphosphorylation of IRF3 by US3 was independent of SeV infection. The KD mutants K220M and D305A were unable to hyperphosphorylate IRF3 (Fig. 6A , lanes 7 (Fig. 6A, middle panel, lane 5) . Furthermore, US3 did not induce the typical phosphorylation of IRF3 at the Ser396 site (Fig. 6A, lane 3) . To confirm this result, we coexpressed Flag-US3 with a Myc-tagged truncated form of IRF3 (Myc-IRF3 1-394), which lacks the typical phosphorylation site Ser396 (Fig.  6B) . WB analysis showed that US3 hyperphosphorylated trun- (G) A series of IRF3 mutants were cotransfected with or without US3-Flag plasmid. Twenty-four hours posttransfection, cell lysates were subjected to WB analysis. (H) The plasmid IRF3/5D with mutant S175A was subjected to DLR assays as described in the legend to Fig. 2E . US3 did not inhibit IRF3/5D S175A-mediated reporter activity. Statistical analysis was performed using the Student t test. *, P Ͻ 0.05. cated IRF3, indicating that the phosphorylation sites of IRF3 induced by US3 are located between amino acids 1 and 394. Furthermore, we examined whether US3 phosphorylated IRF3 directly. His-tagged IRF3 (IRF3-His) was expressed in E. coli Rosetta cells and purified with His-Bind resin (Novagen). GST-tagged US3, K220M, or D305A (US3-GST, K220M-GST, or D305A-GST) was expressed in HEK 293T cells and purified with GST resin (Fig. 6C) . The purified proteins were subjected to protein kinase assay, and a slowly migrating form of IRF3-His was detected by WB assay when IRF3-His incubated with US3-GST but not when it was incubated with K220M-GST or D305A-GST (Fig. 6D) . These results indicate that US3 phosphorylates IRF3 directly in vitro.
US3 usually targets Ser or Thr residues within motifs containing Arg or Lys. However, there were 9 predicted sites in IRF3, and it was hard to determine the phosphorylation sites by mutation analysis (Fig. 6E) . In order to identify the hyperphosphorylation sites in IRF3 by US3, we cotransfected plasmids expressing Myc-tagged IRF3 and US3-Flag into HEK 293T cells, immunoprecipitated IRF3-Myc by Myc MAb, and subjected it to SDS-PAGE. The band of hyperphosphorylated IRF3 was cut and subjected to mass spectrometry to identify the hyperphosphorylation site of IRF3. Peptide 173 SPSLDNPTPF-PNLGPSENPLKR 194 containing the Ser/Thr phosphorylation site was found to be the substrate of US3. A series of IRF3 mutants were constructed to identify the exact IRF3 hyperphosphorylation amino acids (Fig. 6F) . As shown in Fig. 6G , mutants of Del-Myc (Ser173 to Ser188 deleted), 4 M-Myc (Ser173, Ser175, Thr180, and S188 all mutated into Ala) and 3 M-Myc (Ser173, Ser175, and Thr180 mutated into Ala) could not be hyperphosphorylated by US3. Subsequently, we tested the single-point mutant and found that only the S175A mutant abolished hyperphosphorylation by US3. A plasmid of IRF3/5D harboring the S175A mutant was generated and subjected to DLR assay. The results show that both IRF3/5D and IRF3/5D S175A induced more than 500-fold of (pRDIII-I)4-Luc reporter activity. US3 significantly inhibited IRF3/5D-but not IRF3/5D S175A-mediated reporter activity, confirming that US3 hyperphosphorylated IRF3 at Ser175 (Fig. 6H) . Taken 6 PFU of the indicated virus. After 24 h, serum were collected and subjected to ELISA to detect IFN-␤ production. The data represent means plus standard deviations for three replicates. Statistical analysis was performed using the Student t test. *, P Ͻ 0.05. together, our data strongly demonstrate that US3 protein kinase interacts with IRF3 and hyperphosphorylates IRF3 at an atypical site of Ser175. US3 KD mutant virus induced a larger amount of IFN-␤ than WT virus. To investigate the physiological functions of US3 in the context of HSV-1 infection, we generated both US3 K220M and D305A mutants of HSV-1 and repaired HSV-1 using our HSV-1 BAC system as previously described (Fig. 7A) (60) . US4 was detected in all of the recombinant-virus-infected cells, suggesting that the insertion of the loxP sequence did not disturb the US4 promoter (data not shown). Luciferase activity assays were used to determine the replication kinetics of the HSV-1 mutants and WT HSV-1 in both Vero cells (Fig. 7B) and HEK 293T cells (Fig. 7C) . Both the K220M and D305A mutants only slightly delayed viral replication compared with WT HSV-1 and repaired HSV-1 when the cells were infected with the corresponding viruses at an MOI of 0.1 (Fig. 7B) . Because the Vero cells are devoid of an IFN response, replication kinetics in HEK 293T cells were also generated by luciferase activity assays. Interestingly, replication of the K220M mutant and HSV-1 decreased significantly compared with replication of WT and repaired viruses (Fig. 7C) . Traditional plaque assays were also performed at an MOI of 1, and the results correlated with luciferase activity (Fig. 7D and E) . To confirm the different replication of US3 KD viruses in Vero cells and HEK 293T cells, we performed WB assays to detect the expression of ICP0, UL42, UL46, and US3. The results showed that the K220M and D305A mutants remarkably decreased the expression of ICP0, UL42, UL46, and US3 in HEK 293T cells but not in Vero cells, confirming the results of the replication kinetics assay (Fig. 7F) . Subsequently, native PAGE assays were performed to investigate IRF3 dimerization after infection by recombinant viruses. SeV infection served as the positive control and resulted in a high level of IRF3 dimer. Infection by WT HSV-1 and repaired HSV-1 caused only trace amounts of IRF3 dimer. Compared with that in WT HSV-1 and repaired-HSV-1 infections, a higher level of IRF3 dimer was detected after infection with K220M mutant or D305A mutant HSV-1 (Fig. 7G) . Quantitative PCR was performed to measure IFN-␤ mRNA expression in HEK 293 cells infected with wild-type or mutant virus at an MOI of 5 for 10 h. The WT HSV-1 and repaired-HSV-1 infections only slightly upregulated IFN-␤ transcription. Both the K220M and D305A mutant viruses induced significantly higher levels of IFN-␤ mRNA than WT HSV-1 did (Fig. 7H ). ELISAs were also performed to measure the secretion of IFN-␤ when cells were infected with these viruses at an MOI of 5 for 10 h. The results indicated that both K220M and D305A mutant HSV-1 induced significantly higher levels of IFN-␤ secretion than WT and repaired HSV-1 (Fig. 7H) . In addition, C57BL/6 mice were infected with 10 6 PFU of the WT, K220M, D305A, or repaired HSV-1 for 24 h, and serum IFN-␤ was detected with ELISA kits. WT HSV-1 and repaired HSV-1 induced only a small amount of IFN-␤. K220M and D305A mutant HSV-1 infections induced about 6 and 21 ng/ml of IFN-␤, respectively, which was remarkable higher than that induced by WT and repaired-virus infections (Fig. 7I) .
Taken together, these pieces of evidence demonstrate that HSV-1 US3 interacts with and hyperphosphorylates IRF3 at Ser175, contributing to the abrogation of IFN-␤ production and immune evasion during HSV-1 infection.
DISCUSSION
The innate immune response serves as the first line of host defense against virus infection. The IFN-␤-signaling pathway is one of the most important mechanisms to eliminate viral infection. TLR3, RIG-I, and MDA-5 recognize viral dsRNA, a by-product of virus replication. These receptors recruit adaptor proteins and subsequently activate the transcription factors IRF3 and NF-B. Activated IRF3 translocates to the nuclei and then binds to PRDIII-I of the IFN-␤ promoter, inducing synthesis of IFN-␤ (63, 64) .
HSV-1 US3 has been previously reported to be a potent inhibitor of the IFN response, serving as one of several strategies by HSV-1 to interrupt the innate immune system. It has been reported that infection with US3-null HSV-1 increased IRF3 activation and TLR3 and IFN levels in infected monocytic cells (41) . However, the molecular mechanism remains unclear. In this study, US3 was proven to significantly inhibit SeV-induced activation of the IFN-␤ and ISRE promoter. DLR assays showed that US3 inhibited RIG-IN-, MAVS-, TBK1-, IKKε-, and IRF3/5D-mediated activation of the PRDIII-I promoter. Subsequently, US3 was shown to abrogate the dimerization and nuclear localization of IRF3. Colocalization of US3 with endogenous IRF3 suggested interaction between US3 and IRF3, which was validated by co-IP assay. The more slowly migrating forms of hyperphosphorylated IRF3 were detected in US3-transfected cells and were sensitive to CIP treatment. Subsequently, we proved that US3 hyperphosphorylated IRF3 at Ser175. Thus, our results demonstrate that HSV-1 US3 interacts with and hyperphosphorylates IRF3 to abolish the dimerization and nuclear translocation of IRF3 and the production of IFN-␤.
HSV-1 US3 protein kinase and its orthologues have a kinase domain containing the ATP binding domain and the catalytic active site. K220 of HSV-1 US3 is critical for ATP binding, and D305 is critical for catalytic activity (65) . The K220M and D305A mutants did not hyperphosphorylate IRF3, and neither of them prevented the dimerization and nuclear localization of IRF3 or inhibited SeV-induced IFN-␤ production, indicating that the KD mutants abolished the inhibitory activity. However, either the K220M or the D305A mutant still slightly inhibited SeV-induced PRD(III-I) promoter activity, as shown in Fig. 3A , suggesting that the interaction between the KD mutants and IRF3 might slightly interfere with the IRF3 activity. Moreover, both the K220M and D305A mutant HSV-1 induced more IFN-␤ production than WT HSV-1 and repaired virus. All these results indicate that the kinase activity of US3 is required for its inhibitory activity against IFN-␤ production.
US3 protein kinase was reported to enhance viral-gene expression by masquerading as the cellular kinase Akt to phosphorylate TSC2 and inhibit the translational repressor 4E-BP1 (24, 25) . In our study, US3 KD mutant viruses showed only delayed replication in Vero cells. Given the fact that Vero cells are deficient in the IFN response, the delayed replication may result mainly from the inability of the US3 mutant to promote viral-protein expression. Interestingly, the replication of K220M mutant HSV-1 and D305A mutant HSV-1 remarkably decreased by about 1 log in HEK 293T cells compared with replication of WT and repaired HSV-1, confirming a previous study from another lab (5) . We deduced that the decreased replication of US3 KD viruses results from loss of function of both the enhancement of viral-protein expression and immune evasion by US3.
HSV-1 is a highly successful human pathogen. Although the immune response to HSV-1 is complicated, a number of HSV-1 proteins, including ICP0 (29), ICP34.5 (30), US3 (41), ICP27 (35) , Vhs (32), US11 (36), VP16 (37), etc., contribute to immune evasion by HSV-1 through multiple different mechanisms. All these proteins may function cooperatively; deletion of one of these proteins would increase IFN-␤ production to a certain extent. Although K220M and D305A mutant HSV-1 induced higher levels of IFN-␤ production, IFN-␤ production in US3 KD mutant HSV-1-infected cells was still much lower than that in SeV-infected cells, suggesting that other HSV-1 proteins also contributed to the downregulation of IFN-␤ production. Thus, we inferred that US3 functioned cooperatively with other proteins to inhibit IFN-␤ production.
IRF3 plays a crucial role in IFN-␤ production because all signals converge at IRF3 or IRF7. Thus, viruses are more likely to evolve strategies, such as varicella-zoster virus (VZV) ORF61 (44), VZV ORF47 (66), the severe acute respiratory coronavirus (SARSCoV) papain-like protease domain (67) , human bocavirus NP1 (68), etc., to counteract innate immunity by targeting IRF3. Besides US3, HSV-1 ICP0 was demonstrated to inhibit the production of IFN-␤ by sequestrating IRF3; the ICP0 mutant virus induced an enhanced innate antiviral response (29, 69) . ICP0 is an immediate early protein and capable of transactiving the early and late genes of HSV-1, so ICP0 mutant HSV-1 will definitely decrease the expression of the early and late genes and mask the actual immune evasion function of other genes, such as US3, and the aforementioned viral proteins.
Previous studies reported that US3 kinases from HSV-1 and other alphaherpesviruses and pseudorabies virus (PRV) show a similar minimal consensus phosphorylation sequence, which was characterized as (R)n-X-(S/T)-Z-Z (n Ն 2; X can be absent or Arg, Ala, Val, Pro, or Ser; Z can be any amino acid except Pro or an acidic residue) (70, 71) . It was also reported that US3 protein kinases phosphorylated the same substrates as protein kinase A (PKA) (65, 72) . Recently it was determined that HSV-1 US3 can masquerade as Akt and phosphorylate the same substrates as Akt (24) . It has been previously reported that VZV ORF66 directly phosphorylates IE62 at the nuclear localization signal of IE62, which is sufficient to regulate IE62 nuclear import (73) . In this study, US3 has been shown to inhibit the nuclear translocation of IRF3; accordingly, we speculated that US3 phosphorylates IRF3 at the nuclear location signal of IRF3 (amino acid region 70 to 92) (74) . However, mass spectrometry and WB analysis showed that US3 hyperphosphorylated IRF3 at Ser175, suggesting that the substrates of US3 are more complicated than expected. Native PAGE showed that US3 inhibited the dimerization of IRF3, which further led to inhibition of the nuclear translocation of IRF3. Ser175 located in the region between the DNA binding and IRF association domains of IRF3, which might be a preferred target for viral kinase. Epstein-Barr virus BGLF4 kinase suppresses the IRF3-mediated pathway by phosphorylating IRF3 at Ser123, Ser173, and Thr180 (75), two of which are also in this region. The VZV ORF47 was also reported to phosphorylate IRF3 and inhibit IFN-␤ production (66) . However, the phosphorylation site of IRF3 by ORF47 has not yet been identified and warrants further investigation.
HSV-1 US3 was also reported to play a role in the inhibition of a subsequent IFN-mediated signaling pathway. US3-null HSV-1 was more sensitive than WT HSV-1 to IFN-␣ (39). US3 protein kinase was also demonstrated to block IFN-␥-induced ISG expression by phosphorylating the alpha subunit of the IFN-␥ receptor (40) . DLR assays also showed that transfection of US3 significantly inhibits ISRE promoter activity. All of these facts suggest that HSV-1 US3 suppresses innate antiviral immunity through multiple mechanisms at multiple levels of innate signaling pathways.
Taken together, our results provide further information on the mechanism by which HSV-1 US3 antagonizes the host innate antiviral response. We have shown convincing evidence that HSV-1 US3 protein kinase inhibits the IFN-␤-signaling pathway by interacting with and hyperphosphorylating IRF3. Our results expand our knowledge about the molecular mechanisms by which HSV-1 counteracts host innate antiviral immunity to ensure its replication and spread.
